We studied the 5' untranslated regions (UTRs) of the mouse lymphocyte pore-forming protein (PFP, perforin, and cytolysin) . 5' UTRs were determined by primer extension analysis, sequencing PFP cDNA clone PFR7, ribonuclease protection assays, and amplification of poly(A)+ RNA of cytolytic T lymphocyte using polymerase chain reaction (PCR) . Two alternatively spliced 5' UTRs, designated type I and type II, of 222 and 115 bp, respectively, were found associated with PFP. Type II is identical to type 1, except for being 107 by shorter in the second exon. This deletion was generated . by the use of alternative acceptor splice sites . The mouse PFP gene (Pfp) encodes three exons, is separated by two small introns, and spans a chromosomal region of N7 kb. The first exon contains 79 by of 5' UTR, the second exon contains 143 or 36 by of 5' UTR (type I or type II UTR, respectively) plus the NHz-terminal region of the mouse PFP, and the third exon contains the rest of the COOH-terminal mouse PFP. The organization of the mouse Pfp is similar to that of the human gene. Moreover, the 5' flanking sequence of the mouse Pfp is highly homologous to that of the human Pfp . In contrast to the human sequence, the more immediate 5' flanking sequence of mouse Pfp contains two tandem "TATA"box-related elements and a GC box, but lacks a typical CAAT box-related sequence. Several other enhancer elements were found further upstream, including CAMP-, phorbol ester-, interferon-y-, and UVresponsive elements, and PU box-like and NFkB binding site-like elements. In addition, we found a nuclear inhibitory protein-like element, a transcriptional silencer, and a pair of purine-rich sequence motifs that were found in other T cell-specific genes, and three repeats of GGCCTG that may be a variation of a highly repetitious GCCCTG consensus sequence found in human Pfp .
T he lymphocyte pore-forming protein (PFP;t also termed perforin or cytolysin) is the only cytolytic mediator known to be produced exclusively by CTL and NK cells (1) (2) (3) (4) (5) . Both human and mouse forms of PFP have been cloned (6) (7) (8) (9) , and their expression has been found to be regulated by various lymphokines and mitogens known to activate cytolytic lymphocytes (10) (11) (12) (13) (14) . Recently, the genomic organization ofboth the human (15) and the mouse (16) genes encoding PFP (designated as Pfp) was partially elucidated.
In the case of the mouse Pfp, the 5' region has yet to be sequenced . The incomplete gene structure for mouse Pfp reported earlier (16) was derived by comparing genomic se- 15 -specific forward and reverse primers. Finally, several putative exon-intron junction sequences for PFP-15-like 5' UTR do not fit favorably to the splicing consensus. Taken together, the 5' UTR contained in PFP-15 does not appear to be authentic or may represent a minor species.
Since the cis-acting regulatory elements located at the 5' flanking region are likely to respond to the various signals known to induce the expression of Pfp, we sought to determine the transcription initiation site and 5' flanking region of mouse Pfp with the objective of analyzing potential transcription regulatory sequences. To define the transcription initiation site for Pfp, the 5' UTR of mouse PFP mRNA was first determined . This led to the surprising finding that two main 5' UTRs are associated with PFP, which are generated by an alternative splicing. We report the structures of 
Materials and Methods
Cells. Murine CTL lines CTLLR8 and CTLLA11 (17) were grown in DMEM with 5% FCS and 4 U/ml of human rID2 (Boehringer Mannheim Biochemicals, Indianapolis, IN). A murine thymoma line, E1,4, was maintained in the same medium as above without 11,2 . Murine melanoma Cloudman S-91 cells were grown in Ham's F-10 medium with 8% Nu-serum (Collaborative Research, Boston, MA) (18) .
Ikrforin cDNA and Genomic Clones. Perforin cDNA clones were isolated from a hgt11 cDNA library constructed from the murine CTL line CTLILA11 as described previously (8) . The mouse genomic clones XPFP-64 and XPFP-67 were described previously (16) . The two genomic clones do not overlap each other; XPFP-64 contains the entire coding region of the mouse perforin gene, and XPFP-67 contains part of the 5' UTR of a cDNA clone called PFP-15 .
DNA Sequencing. The nucleotide sequences of cDNAs or genomic fragments were determined by the dideoxy chain termination method (19, 20) using Sequenase (United States Biochemical Corp., Cleveland, OH). The genomic or cDNA fragments were either subcloned in M13 vectors (21) for use as single-stranded templates or subcloned in pGEM vectors (Promega Biotec, Madison, WI) for use as deleted double-stranded templates (22), which were generated by exonuclease III-mediated deletion (Promega Biotec).
PCR of mRNA . The first-strand cDNA was synthesized from poly(A)' mRNA of CTLIrAll, EL4 cells, or Cloudman S-91 cells using random primer by avian myoblastosis virus reverse transcriptase (Life Sciences, St . Petersburg, FL). The cDNA RNA hybrids were then amplified into double-stranded cDNA by PCR (23) using sets of forward and reverse primers as described below. The PCR reaction consisted of denaturation at 95°C for 0.5 min, annealing at 55'C for 1.5 min, and extension at 75'C for 2 min. The PCR product was analyzed either by direct sequencing, blot hybridization, or cloning and sequencing .
Oligonucleotides Structure of the Mouse Pore-forming Protein Gene sequence and seven extra nucleotides of EcokI cloning site. Oligomer 4: a 15-mer 5'-GCATCCTTCATCCCT3' that is unique to type 15' UTR. Primer Extension Analysis. 2 P.g of poly(A)' RNA from CTLLR8, CTL1,A11, or melanoma Cloudman S-91 cells were annealed with 5 pmol of kinased oligonucleotide primer at 30°C overnight in a buffer containing 0.4 M NaCl, 40 mM Pipes, pH 7.0, 1.0 mM EDTA, pH 8.0, and 80% formamide. The mixture was ethanol precipitated and resuspended in a buffer containing 50 mM Tris HCl (pH 7.6), 60 mM KCI, 10 MM M9Clz, 1.0 mM DTT, 1.0 mM each dATP, dGTP, dCTP, dTTP, 1,000 U/ml RNAsin (Promega Biotec), and 20 U of AMV reverse transcriptase (Life Sciences). The mixture was incubated at 37°C for 2 h, extracted with phenol-chloroform, and precipitated with ethanol. The precipitate was resuspended in 10 mM Tris-HCI (pH 7.4), 10 mM EDTA, incubated with 50 ug/ml RNAse A at 37°C for 30 min. The reaction product was analyzed by sequencing gel.
Oligomer Hybridization. DNA blots of PCR products or cloned genomic fragments were prepared by electrophoresis onto Gene Screen plus (New England Nuclear, Boston, MA), followed by hybridization to oligomers at 37-42'C (depending upon the size of the oligomer) in 6x SSC, lx Denhardt, 0.5% SDS, 0.05% pyrophosphate, and 100 Wg/ml salmon sperm DNA. The blot was washed at room temperature twice for 10 min each and at hybridization temperature for 4 min once .
Ribonuclease Protection Assay. To generate a suitable RNA probe, we first amplified a 2.4-kb fragment that spanned from the RNA start site to the nucleotide next to the initiation ATG codon (from oligomer 3 to oligomer 2) . The amplified fragment was digested with Ncil, which generates a 0.35-kb 3' end fragment . The fragment was blunt-ended by Klenow fragments of Escherichia coli DNA polymerase I. The resulting fragment was digested with PstI, which is located at the 3' end of this fragment and cloned into SmaI and Pstl sites of pGEM 3 cloning vector (Promega Biotec). The recombinant plasmid was linearized by EcoRI digestion and used for in vitro transcription . In vitro transcription was performed in the presence of ac-[31 P]CTP and SP6 polymerase to produce the antisense RNA probe as described in the Riboprobe Gemini Transcription System (Promega Biotec). After digestion of the template DNA and RNAfree DNase I (RQ DNase I; Promega Biotec), the labeled RNA was ethanol precipitated and dissolvedin RNA loading buffer containing 80% formamide. The RNA was denatured by heating for 5 min at 85°C, quickly chilled on ice, and then loaded on a 3.5% nondenaturing polyacrylamide gel. The gel was disassembled and exposed to film for 30 s. The full-length RNA band was excised, crushed, and eluted in 400 Etl diethyl pyrocarbonatetreated 0.1 x SSC for 2 h. The labeled RNA was ethanol precipitated and dissolved in 50 pl hybridization buffer (80% formamide, 40 mM Pipes [pH 6.4], 400 mM NaCl, and 1 mM EDTA).
Two sets of CTLLR8 RNA and yeast tRNA were vacuum dried and dissolved in 30 1Al hybridization buffer containing 5 x 10, cpm of the labeled RNA. After being overlayed by 30 Al of mineral oil, one set of RNAs was hybridized at 45°C, and the other set was hybridized at 50°C for 12 h. The 350-,ul ribonuclease digestion buffer (10 mM Tris-Cl [pH 7.5], 300 mM NaCl, and 5 mM EDTA), including 40 ug/ml ribonuclease A and 2 p.g/ml ribonuclease Tl, was added to the hybridized RNAs and incubated 1 h at 30°C. After the ribonuclease digestion, 20 Pl of 10% SDS and 2.5 Al of 20 mg/ml proteinase K were added and incubated 15 min at 37°C. Then the reaction mixture was extracted with phenol and recovered by ethanol precipitation . The RNA pellet was dissolved in 10 pl RNA loading buffer and denatured for 3 min at 85°C, and 5 td was loaded on 6% sequencing gel. M13mp18 DNA was sequenced by the Sequenase and run in parallel with the above ribonuclease-protected fragments for size estimation .
Results
5' UTR ofPFP-7, Transcription Initiation Site, and Exon-Intron Boundaries. A previous study on mousePfp revealed the presence of three exons, only two of which encode polypeptide (16). The 5' UTR sequence of PFP transcript remains incomplete, as the transcription initiation site was not determined in that study (16) . In the present study, the nucleotide sequence of a 2 .5-kb cDNA clone containing 5' UTR, designated PFP-7, was determined . PFP-7 contained 166 by of 5' UTR sequence (Fig . 1 A) .
To determine the transcription initiation site of Pfp, primer extension analysis was performed using poly(A)+ RNA from mouse CTL lines CTLLR8 and CTLLAII . An 18-mer oligonucleotide probe (designated oligomer 1 ; see Fig primer for extension experiments. There was one major product of 74 by extending to the cap site (a total of 56 by extending beyond the 18-bp sequence) (Fig. 2) . This result could be reproduced in separate experiments using poly(A)+ Figure 2 . Primer extension analysis for determination of cap site of types I and II Pfp 5' UTR . An 18-mer oligonucleotide (oligomer 1) starting at five bases away from the 3' end of the first exon was used both as a primer for reverse transcriptase to prime cDNA synthesis and for sequencing the 2.4-kb EcoRI fragment containing the 5' end of Pfp . The nucleotide sequence ladder on the left represents the sequence surrounding the cap site. The arrow with +1 indicates the cap site residue A . The ATrich region (potential TATA element) between positions -43 and -32 is indicated with arrows and numbers. The thick arrow at the right side indicates the primer extension product (74 bp) . Thus, with the five bases at the 3' end, the complete first exon constitutes 79 bp. The M13 sequence was used to determine the length of the extension product (not shown) . R8 and All indicate the CTL cell lines CTLI.R8 and CTL1,All, respectively. The amount of RNA for the extension was 2 wg poly(A) " for CTLI,R8 and for CTLLAll .
RNA from both CTLLR8 and CTLIrAII, but not from control EL-4 or Cloudman S-91 cells. The same oligomer 1 was used to probe an EcoRI-digested APFP-64 DNA blot . APFP-64, a genomic clone with an insert of -18 kb, was previously shown to contain all the coding region of Pfp plus N11 kb of 5' flanking region . Oligomer 1 hybridized to the 2.4-kb EcoRI fragment . We constructed a partial restriction map for APFP-64 and determined the nucleotide sequence of the entire 2.4-kb EcoRI fragment . As shown in the restriction map of the APFP-64 insert (Fig.  3) , the first exon contains 79 by and is separated by a N1 .9-kb intron from the second exon . The 18 by represented in oligomer 1 plus 5 by downstream constitute the 3' end of the first exon. Exon 2 contains part of the protein coding region of PFP (as described earlier in reference 16) plus 143 by of 5' UTR extending beyond the ATG codon .
Two Main Types of 5' UTR ofMouse PFP mRNA Are Generated by an Alternative Splicing. To further examine whether the UTR sequence derived from PFP-7 belongs de facto to mouse PFP mRNA, we designed the following reverse and forward primers to amplify the 5' UTR by PCR. Oligomer 2 is a reverse 21-mer primer corresponding to the sequence immediately upstream of the ATG codon (Fig. 1) . Oligomer 3 is a forward 25-mer primer with 7 by matching the EcoRI cloning site plus 18 by corresponding to the most 5' end of the exon 1, the latter sequence being derived from the primer extension analysis (Figs. 1 B and 2) . If the 5' UTR sequence of PFP-7 and that determined from the primer extension se- quence are correct, then these two primers should generate fragments of 222 by amplified from mRNA . When we amplified the poly(A)+ RNA from CTLLR8, we consistently found two bands, one with the expected size of 222 bp, and another smaller band of 115 bp. When the amplified DNA from CTLLR8 was transferred to Gene Screen Plus membranes and hybridized with oligomer 1, both bands produced positive signals (Fig. 4, lane 1) . The smaller type, which we refer to as type II, was -15-fold more abundant than the larger one, or type I. We subcloned the smaller band and determined its nucleotide sequence. As shown in Fig .  1 C, the type 11 5' UTR was formed by elimination of 107 by from type I 5' UTR in a region corresponding to the most 5' end of exon 2 (see, also, the schematic diagram of the two 5' UTRs in Fig . 6 ) . To further verify that the type I 5' UTR contains this 107-bp sequence, oligomer 4 ( Fig.  1 A and B) , representing this region, was used to hybridize the same DNA blot described above . As shown in Fig. 4 (lane 2), oligomer 4 recognized the upper band only. We were able to determine the sequence of the type 15' UTR only by direct sequencing of the PCR product using PCR and internal primers (oligomers 1, 2, and 4) . We were not able to clone the larger band despite numerous attempts, an observation that may suggest that the larger 5' UTR may be an unstable product, thus resulting in reduced cloning efficiency.
We ran controls for each component of the PCR to avoid any false positives due to contamination with either cDNA or genomic clones . The controls included separate tubes of Cloudman S-91 cell mRNA with all the PCR mixture and PCR reaction mixture without CTLL mRNA. Controls did not produce any signal in all experiments tested.
To confirm our results on the alternative splicing, we used a ribonuclease protection assay, using an RNA probe spanning the two alternative splicing acceptor sites. The antisense RNA probe spans from the NciI site in the first intron to the PstI site adjacent to the initiation ATG codon (Fig. 5 A) . The NciI site locates at 0.35 kb upstream to the A residue of the initiation ATG codon, while the PstI site locates at four bases upstream to the ATG codon. Type I mRNA should produce 139 base-protected fragments, and type II mRNA should produce 32 base-protected fragments (Fig . 5 A) . The difference between the two protected fragments should be 107 bases. As shown in Fig. 5 B, CTLLR8 mRNA yielded the two protected fragments of the expected sizes. The difference in size between the two fragments was 107 bases . RNA from mouse spleen and bone marrow cells also produced the GATCGCAGC ATTTTAAAAG CC CCATTGA CAACGCAGGT GTCCCCCTGG GCTTCAGTGG CGTCTTGGTG GGACTTCACI gtaaggagga ggaagggtag gaagcaggga ggttgaggta ccctggggaa agagagttgg aaggtatagc caggaggaac cagaaatgct agtagecagc cttcaagctc atccctcatt ccttcattgg gttggtgaca actcggggtt catgtgtcag tgacatactg tccacagttt ccaagactat ttccagaagt tttggcagtt agagtttcgt taagaatgga aatgagccag gtaaggagga tcatatttgc tatacctcag gcaacgggta aaccccatct cgasaggtgt aagggagggg aagggagggg agaggaaggg agaggaagga aagggagggg agggaaaagg aggaagaatc gaagatctgg taaataaact cgtgacaatt taagaatggc gagaagggac tgatgtcgat tgatcaaagt caccaatgtg ttggtctctt aagcaggttg agggaaaagg ttgacaggat tctggggagc ttgtttatct cccagcctca cacatcacct ggaattc 81 9
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two protected fragments of 139 and 32 bases (data not shown) . This result again confirmed our observation that the 5' UTR of PFP mRNA is spliced alternatively.
Potential Regulatory Elements in the 5' Flanking Region of Mouse Pfp. The organization of the mouse Pfp gene and the structures of the two mouse transcripts are summarized schematically in Fig. 6 . For comparison, the organization of the human Pfp gene (15) is also shown in Fig. 6. Fig. 7 shows the nucleotide sequence surrounding the first exon (first exon sequence boxed as nucleotides +1 to +79) . In Fig . 7 , we also indicate potential promoter and enhancer elements and unknown regulator motifs, which appear in both human and mouse Pfp. Two tandem "TATA" box-related elements (TAGTAA, TGATAT) (24) could be identified at positions -43 and -32, possibly directing transcription from the indicated position +1 (Table 1 and Fig . 7) . The GC box, another upstream promoter element (25), was found at positions -59 to -50.
Potential regulatory sequences and regions are given together with known elements . References are given after each element. See text for more detailed discussion .
However, the mouse Pfp promoter lacked a typical CAAT related element . Since we and others previously observed that the mouse Pfp expression was modulated by various lymphokines and mitogens (7, 8, (12) (13) (14) , the region of mouse Pfp further upstream was inspected for other potential transcriptional regulatory sequences by a homology comparison to known regulatory elements and to human Pfp sequences . Table 1 summarizes this type of analysis .
Discussion
A surprising finding in this study is that the mouse PFP 5' UTR consists of two types. The type 15' UTR consists of 222 bp, whereas type II is 115 by long. Only the second exon is affected by this difference: in types I and II, the second exon contains 143 and 36 by of 5' UTR, respectively (see schematic diagram in Fig. 6 ) . These two species appear to be produced by the use of alternative acceptor splice sites. For the production of type II, an internal acceptor splice site in exon 2 was used. In this case, splicing resulted in the elimination of part of the second exon. Conversely, the mature type I species might be viewed as incorporating an immediately adjacent intron sequence into the mRNA. Thus, it seems that these sequences can function either as an exon or as an intron, illustrating the ambiguity of the terms "exon" and "intron" The 107-bp region, which becomes a 3' end of the first intron, contains a consensus lariat branch point sequence, PyNPyTPuAPy (26). However, the intron sequence adjacent to the 143 by of type 15' UTR does not contain the consensus branch point sequence. Type I therefore may represent a less favorable splicing product . The first cis-acting element found upstream ofthe GC box was a UV-responsive element to which an UV-induced protein binds (27). This element may affect the basal level of Pfp expression considering its distance from the cap site (-103 to -96).
The mouse Pfp contained both activator protein 2 (AP-2) binding sites (28) and CAMP-responsive elements (CRE) V9-31). The AP-2 sequence responds both to 12-O-tetradecanoylphorbol-13-acetate (TPA) stimulation and cAMP (28). As in many other genes in which more than one copy of CRE-like and AP-2 sequences are present, mouse PFP contains two CRE (-226 to -220, -1077 to -1070) and three AP-2 binding sequences (-156 to -149, -191 to -183, -696 to -688) . Ofthe two CRE, the proximal one (-226 to -220) has only been found in a cfos gene (31) .
There is a perfect match of consensus TPA-responsive elements (TRE) (32) at positions -623 to -616. In this regard, it should be noted that the TPA stimulates perforin mRNA expression in T cells (10, 12) . The activator protein 1 (AP-1), which binds to TRE, is the protooncogene cjun protein, and its activity is modulated by the c-fos protein (33) . The cfos gene itself is induced with a variety of agents such as serum, TPA, and epidermal growth factors (34, 35) . Its expression has also been associated with T cell activation and proliferation (36) . It is tempting to speculate that the presence of TRE in Pfp may indicate that the expression of Pfp is regulated by a complex interaction ofseveral protooncogene products. Adjacent to TRE, we found a transcriptional silencer, a potential nuclear inhibitory protein (NIP)-binding site (-614 to -606). The NIP-binding element was recently identified in the human 11,3 gene (37). In addition, we found a slight variation of IFN-y-responsive elements (38) at position -869 to -857. This element could explain the elevation of PFP activity after treatment of NK cells with IFN-y (39).
Fujita et al. (40) described a purine-rich sequence that appears in T cell-specific genes such as 11,2, IFN-,y, IL-2R, and HTLVIII genes (40) . This sequence motif appears in some cases as a pair. The mouse Pfp gene contains such a paired element at positions -1023 to -1016 (proximal), and -1263 to -1246 (distal) . Interestingly, in between these two potential elements, CRE (-1077 to -1070) and a potential NFkBbinding element (41) are found. This latter element is detected in a variety of cellular genes involved in the immune response. These genes include those encoding K light chain Ig (41), MHC class I antigens (42), R2 -microglobulin (43) , and IL-2 (44) . We also found three repeats of GGCCTG that may represent a variation ofthe GCCCTG consensus sequence described in the human Pfp (15) . This latter sequence repeats 19 times in the human sequence.
As expected from the similarities between the mouse Pfp and human Pfp in terms of genomic organization and expression properties, the putative transcription regulatory elements, described above for mouse Pfp, are found at similar positions in the human gene. There are in fact stretches of perfect matches in the 5' region of the mouse and human Pfp . Two regions with a high degree ofhomology are found within the first 650 bp. One is found immediately upstream of the cap site (+1); an 80-bp stretch between positions -118 and -38 shows 87% sequence homology between human and mouse Pfp. This region includes a GC-box, UVresponsive elements, and two areas of perfect matches (-76 to -65 and -117 to -107). The other region with a high level of homology appeared between nucleotides -623 and -578, which shows an identity of almost 90% with a comparable region of human Pfp . This region contains the TRE, NIP-binding sequence, and a copy of the GGAAA motif (-606 to -602) that was found in the IFN-inducible genes and human IFN-ot and -a genes (45) . One can further find the second AP-2 binding element, the first CRE, and four short stretches of nucleotides that appear in both human and mouse Pfp in a stretch between these two highly homologous regions. One ofthe common motifs is a purine-rich sequence, a PU1 boxlike element (46) at nucleotide positions -457 to -451. The PU.1 protein was shown to be a transcriptional activator that is expressed in macrophages and B cells (46) . Other putative elements ofinterest, such as the third AP-2 binding element, a repetitive GGCCTG (-756 to -751) motif, an IFN-y induction element, the second CRE, NFkB-binding, and potential T cell gene-specific sequences are scattered further upstream beyond the first 650 bp. Now that the genomic structure for mouse Pfp has been determined, it will be important to determine the functions of the putative enhancer-and promoter-like elements for this important gene and to determine in turn the combined influence of transacting factors on these.
